During a screening study to determine the presence of species of the genus Campylobacter in reptiles, three putative strains (RC7, RC11 and RC20 T ) were isolated from different individuals of the western Hermann's tortoise (Testudo hermanni hermanni). Initially, these isolates were characterized as representing Campylobacter fetus subsp. fetus by multiplex PCR and partial 16S rRNA gene sequence analysis. Further whole-genome characterization revealed considerable differences compared to other Campylobacter species. A polyphasic study was then undertaken to determine the exact taxonomic position of the isolates. The three strains were characterized by conventional phenotypic tests and whole genome sequencing. We generated robust phylogenies that showed a distinct clade containing only these strains using the 16S rRNA and atpA genes and a set of 40 universal proteins. Our phylogenetic analysis demonstrates their designation as representing a novel species and this was further confirmed using whole-genome average nucleotide identity within the genus Campylobacter (~80 %). Compared to most Campylobacter species, these strains hydrolysed hippurate, and grew well at 25 C but not at 42 C. Phenotypic and genetic analyses demonstrate that the three Campylobacter strains isolated from the western Hermann's tortoise represent a novel species within the genus Campylobacter, for which the name Campylobacter geochelonis sp. nov. is proposed, with RC20 T (=DSM 102159 T =LMG 29375 T ) as the type strain.
The genus Campylobacter belongs to the family Campylobacteraceae, order Campylobacterales, class Epsilonproteobacteria (Vandamme et al., 2005) . To date, 26 species and 12 subspecies have been recognized within the genus, with Campylobacter fetus as the type species (Sebald & V eron, 1963) . In recent years, molecular biology techniques, mainly high-throughput sequencing, have dramatically accelerated the identification of novel Campylobacter species (Debruyne et al., 2008) . Campylobacter species are commensal or pathogenic bacteria of a broad range of mammals, birds and reptiles (Kaakoush et al., 2015) . Thermophilic Campylobacter species are associated mainly with poultry and most of them have zoonotic potential (Man, 2011) . To date, only two Campylobacter taxa of reptile origin have been identified: C. fetus subsp. testudinum (Fitzgerald et al., 2014) and Campylobacter iguaniorum (Gilbert et al., 2015) . C. fetus subsp. testudinum has been isolated from reptiles and humans (Fitzgerald et al., 2014) ; C. iguaniorum has been isolated from lizards and chelonians (Gilbert et al., 2015) . In this study, we describe the results of a polyphasic taxonomic study aimed at characterizing three Campylobacter strains isolated from western Hermann's tortoises (Testudo hermanni hermanni).
In 2011, a study aimed at assessing the presence of Campylobacter species in captive reptiles was carried out in northern Italy (Giacomelli & Piccirillo, 2014) . Samples were collected from 11 turtle species belonging to four different families (Chelydridae, Emydidae, Testudinidae and Trionychidae). Animals were kept in a zoo and in private households in northern Italy. Cloacal swabs were collected and transported to the laboratory in Amies with charcoal medium (Copan), and immediately inoculated in Preston broth (Oxoid) and incubated at 37 C for 24 h in a microaerobic atmosphere (Campygen; Oxoid). Broth cultures were filtrated (Giacomelli et al., 2012) , plated onto nutrient agar with 5 % sheep blood (Oxoid) and incubated at 37 C for 96 h under microaerobic conditions. Among all the Campylobacter isolates, three strains, each from different and geographically unrelated turtles belonging to Testudo hermanni hermanni, were identified as representing C. fetus subsp. fetus by multiplex PCR (Yamazaki-Matsune et al., 2007) , 16S rRNA gene sequence analysis (Maiwald, 2004 ) and a PCR protocol described by Willoughby et al. (2005) specifically developed for C. fetus sub-typing. Strains were designated with the following reference names: RC7, RC11 and RC20 T ; they were then stored at À80
C. The whole genome of these strains was subsequently determined as part of a large-scale study on the genetic diversity of C. fetus and genome comparisons revealed that the classification as C. fetus was inconsistent, which was also supported by additional PCR sub-typing markers (Hum et al., 1997; Iraola et al., 2012) and partial 16S rRNA gene sequencing as described by Linton et al. (1996) . In the present paper, we report the results of a polyphasic taxonomic study carried out to determine the exact classification of the strains. To this end, phenotypic and genotypic characteristics of the three Campylobacter strains were determined by classical biochemical testing and whole genome comparison.
To perform all the analyses, strains were grown on tryptone soya agar (TSA) with 5 % sheep blood (Oxoid) under microaerobic conditions at 37 C for 48 h. Bacterial DNA was extracted by using the Invisorb spin tissue mini kit (Stratec), following the manufacturer's instructions. Whole genome sequences of strains RC7, RC11 and RC20
T were obtained with an Illumina HiSeq 2000 sequencer that produced 100 bp pair-end reads at an average coverage of 300Â. Draft genomes were assembled and annotated using Velvet (Zerbino & Birney, 2008) and Prokka (Seemann, 2014) , respectively. The raw reads and genome assemblies of each strain have been deposited in EBI/EMBL under accession numbers: ERR987451 and FIZQ01000001-34 for strain RC7, ERR987453 and FIZO01000001-24 for strain RC11, and ERR987452 and FIZP01000001-42 for strain RC20 T , respectively.
First, the taxonomic position of all strains was determined using full-length 16S rRNA gene sequence comparisons. The 16S rRNA gene sequences of strains RC7, RC11 and RC20 T were extracted from their whole genome sequences and obtained from public databases for other Campylobacter type strains. Sequence alignment and neighbour-joining tree reconstruction was performed with MEGA6 (Tamura et al., 2013) , using 1000 repetitions to determine bootstrap values. The 16S rRNA gene sequence similarity between the three strains was 100 %, while the similarity with respect to the closest species Campylobacter mucosalis (ATCC 43264 T ) was 94 %. The strains formed a distinct clade between C. mucosalis, Campylobacter concisus and Campylobacter curvus (Fig. 1) . Additionally, the 16S rRNA gene sequences of strains RC7, RC11 and RC20
T were analysed using BLAST (Altschul et al., 1990) against the whole non-redundant (nr) NCBI database in order to evaluate the presence of similar strains in previous Campylobacter surveys. This resulted in a single top hit with 99 % similarity to Campylobacter sp. 11S02629-5 (accession number KJ081202), isolated from the faeces of Testudo graeca. This finding demonstrates the presence of very closely related strains in a distinct Testudo species from an independent study.
For improved resolution in species delimitation, two alternative approaches were used. First, as the atpA gene has been shown to be a good marker to increase intraspecies resolution within the family Campylobacteraceae (Miller et al., 2014) , we extracted the atpA nucleotide sequence from strains RC7, RC11 and RC20
T and publicly available Campylobacter genomes to build a neighbour-joining tree following the same methodology as for the 16S rRNA gene. Second, from the same set of genomes we extracted a set of 40 universal proteins of prokaryotes using FetchMG . A maximum-likelihood tree from the alignment of concatenated amino acid sequences was built using the JTT substitution model in RAxML (Stamatakis, 2014) , with 1000 bootstrap repetitions. Both the atpA phylogeny ( Fig. 2 ) and the universal proteins phylogeny ( Fig. 3) consistently grouped strains RC7, RC11 and RC20 T in a well-supported clade distinct from other species of the genus, with Campylobacter ureolyticus and Campylobacter corcagiensis as their sister taxa in both phylogenies. This revealed slightly different relationships with sister clades when compared with the 16S rRNA gene phylogeny.
The average nucleotide identity (ANI) was calculated for species delimitation, as it can be used as an alternative to DNA-DNA hybridization (DDH) (Konstantinidis & Tiedje, 2005) , where the DDH species threshold of 70 % corresponds to 95 % ANI (Goris et al., 2007) . This analysis was performed between strains RC7, RC11 and RC20
T and all Campylobacter species with available genomes by implementing the original algorithm described by Konstantinidis & Tiedje (2005) inside an in-house R function that uses BLAST (Altschul et al., 1990) . Strains RC7, RC11 and RC20 T were extremely similar, showing ANI values over 99 %, while the ANI between these strains and the type strains of Campylobacter species ranged between 78 and 80 %, always far below the 95 % species threshold (Table 1) .
The average amino acid identity (AAI) calculations supported the ANI values. The AAI was calculated using the predicted proteomes from strains RC7, RC11 and RC20
T ,
which were compared with all available Campylobacter proteomes (predicted from public genomes) using pair-wise BLASTP alignments. For each pair of taxa, identity among proteins conserved across all analysed genomes (core proteome) was used as a measure of overall genetic relatedness. An AAI range of 65-70 % was observed between the common proteome of the three strains and each of the remaining species, with C. ureolyticus and C. corcagiensis as the closest taxa (70 %). This is in accordance with the phylogenetic position of strains RC7, RC11 and RC20 T based on the tree built with 40 universal proteins for prokaryotes (Fig. 2) . The AAI calculated between the three strains was >96 % on average ( 
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Campylobacter geochelonis RC7 the protein level and also form a distinct cluster that diverges from their most closely related Campylobacter species. The genomic G+C content was calculated from the whole genome sequence using the R package seqinr (Charif et al., 2005) . Strains RC7, RC11 and RC20 T showed a G+C content of 33.68, 33.69 and 33.57 mol%, respectively, which falls within the range reported for the genus Campylobacter (29-47 mol%) (Debruyne et al., 2008) .
Phenotypic characterization of the three Campylobacter strains was performed using standard methods according to the procedures described by On & Holmes (1991a , b, 1992 , Ursing et al. (1994) and On et al. (1996) . The results of phenotypic testing of the strains compared to other Campylobacter taxa are summarized in Table 3 . All strains showed oxidase and catalase activity, hydrolysed hippurate and reduced nitrates. No urease, alkaline phosphatase or indoxyl acetate hydrolysis activities were detected. The strains did not produce haemolysis on blood agar (TSA +5 % sheep blood) or H 2 S on TSI (Triple Sugar Iron) agar, but a weak production of H 2 S on SIM (Sulfide, Indole, Motility) was observed after 72 h of incubation. All strains grew well on TSA with 5 % sheep blood at 25 and 37 C under microaerobic conditions and at 37 C under anaerobic conditions, whereas no growth was observed at 18-22 and 42 C under microaerobic conditions and at 37 C under aerobic conditions. Additionally, they grew well on CCDA, Karmali and CAT agar, and in the presence of 1 % (w/v) glycine and 2 % (w/v) NaCl. The strains did not grow on Muller-Hinton or MacConkey agar nor in the presence of 4 % (w/v) NaCl. The addition of 0.1 % (w/v) selenite and 0.04 % (w/v) 2,3,5-triphenyltetrazolium chloride to the medium inhibited growth. All strains were susceptible to cephalotin (30 µg) but resistant to nalidixic acid (30 µg). The three strains lacked the S-layer coding genes, based on BLAST searches against known C. fetus sap genes. Overall, the most relevant phenotypic differences between the three strains and the most closely related Campylobacter species were hippurate-positivity and ability to grow at 25 C but not at 42 C. Together with genotypic characterization, the biochemical properties differentiated the tortoise isolates from other Campylobacter species.
In conclusion, the results of this genotypic and phenotypic taxonomic study strongly support that the three Campylobacter strains isolated from western Hermann's tortoises (Testudo hermanni hermanni) in northern Italy represent a novel species of the genus Campylobacter. Data from analysis of 16S rRNA and atpA genes, 40 universal proteins, ANI, AAI, growth and biochemical properties are sufficient to establish strains RC7, RC11 and RC20
T as representing a novel species distinct from other currently described Campylobacter species. The description of an additional Campylobacter species from tortoises points to the importance of these animals as unique Campylobacter reservoirs. The strains were isolated from faecal samples of apparently healthy individuals and the host range and pathogenic potential is currently unknown, although a handful of potential virulence factors were identified in the genomes of the three strains, including genes for cytolethal distending toxin, type IV secretion systems, fibronectin-binding proteins or invasion antigen B. Considering this and that C. peloridis; 25, C. rectus; 26, C. showae; 27, C. sputorum; 28, C. subantarcticus; 29, C. upsaliensis; 30, C. ureolyticus; 31, C. volucris . Data for reference taxa were taken from the original descriptions (Tanner et al., 1981; Roop II et al., 1985; Vandamme et al., 1995 Vandamme et al., , 2010 On et al., 1998; Lawson et al., 2001; Debruyne et al., 2009 Debruyne et al., , 2010a Fitzgerald et al., 2014; Koziel et al., 2014) and from Inglis et al. (2007) , Rossi et al. (2009) and Gilbert et al. (2015) . +, 90-100 %; (+), 75-89 %; V, 26-74 %; (À), 11-25 %;
À, 0-10 %; NA, not available. genomic signatures associated with pathogenicity and niche preferences have been identified in other Campylobacter species (Iraola et al., 2014) , a more comprehensive analysis including reptilian-derived campylobacters is imperative to uncover host-associated evolutionary trends in these hosts. The proposed name for this species is Campylobacter geochelonis sp. nov., with RC20 T (=DSM 102159 T =LMG 29375 T ) as the type strain.
Description of Campylobacter geochelonis sp. nov.
Campylobacter geochelonis (ge.o.che.lo¢nis. Gr. n. ge-earth; Gr. n. chelone turtle; N.L. gen. n. geochelonis pertaining to a terrestrial tortoise).
Gram-stain-negative; most cells are straight rods, although some are slightly curved, 1-2 µm long. Motile. After incubation on blood agar (TSA+5 % sheep blood) at 37 C for 48 h under microaerobic conditions, colonies are grey and translucent, tiny (0.1-1 mm in diameter), smooth, round and not haemolytic. In old cultures, colonies may reach 3 mm in diameter. Growth is observed on blood agar at 37 C under microaerobic and anaerobic (slightly weaker growth) conditions, but not under aerobic conditions. Does not require hydrogen for growth, but able to grow in its presence. Growth is observed at 25 C under microaerobic conditions, not at 18-22 or 42 C. Oxidase-and catalasepositive, but urease-and alkaline phosphatase-negative. Indoxyl acetate is not hydrolysed but hippurate is hydrolysed. Reduces nitrates. Hydrogen sulphide is not produced on TSI agar, but a weak production of H 2 S on SIM agar following 72 h of incubation is observed. Growth is observed on blood agar containing 2 % (w/v) NaCl and 1 % (w/ v) glycine, but no growth in the presence of 4 % (w/v) NaCl. Grows well on CCDA, Karmali and CAT agar, but not on Muller-Hinton or MacConkey agar. Addition of 0.1 % selenite and 0.04 % 2,3,5-triphenyltetrazolium chloride to blood agar inhibit growth. Resistant to nalidixic acid (30 µg) but susceptible to cephalotin (30 µg). Pathogenicity is unknown.
The type strain, RC20
T (=DSM 102159 T =LMG 29375 T ), was isolated from a western Hermann's tortoise in northern Italy in 2011. Strains RC7 (=DSM 102160=LMG 29376) and RC11 (=DSM 102217=LMG 29377) belong to the same species and were isolated from the western Hermann's tortoise. The pathogenicity potential of these strains is unknown.
